elevated in the HLN at LIT, and CD19+ B cells were significantly increased at AAD. Adoptive transfer of HLN lymphocytes to lymphopenic mice confirmed that AAD lymphocytes could induce airway inflammation in response to aerosol challenge, whereas LIT lymphocytes were unable to do so. Depletion of CD4+ CD25+ T cells in vivo resulted in exacerbation of inflammation at AAD and LIT. CD4+ CD25+ T cells in the HLN also displayed suppressive activity in vitro. Additionally, T cells expressing Foxp3 were increased in the BAL and HLN during LIT. Conclusions: These results indicate that lymphocytes with regulatory functions are increased and sustained in local lung compartments at LIT and that their appearance correlates with the resolution of lung inflammation.
spectrum of the disease process have broad implications for human health.
To cope with inhaled viruses, bacteria, noxious agents and allergens, the respiratory system has developed specialized defense mechanisms that form the basis of the mucosal immune system in the lung. To avoid a continuous inflammatory state that has the potential to cause tissue damage, the lung must discriminate between harmful and innocuous stimuli. Hence, the standard immune response to inhaled or ingested foreign materials is tolerance induction, whereby subsequent adaptive immune responses to allergen are suppressed through inactivation of adaptive immune effector functions. Antigen processing and presentation by steady-state antigen-presenting cells (APCs) in the mucosal surfaces, including the epithelium of the lung and intestine, result in inactivation of antigen-specific T cells through suboptimal costimulation, among other mechanisms [1] [2] [3] . One classic example of tolerance induction in allergy is oral tolerance, whereby oral exposure to antigens results in a suppression of allergic sensitization and subsequent antigen-specific inflammation in the lung in response to inhalational exposure [4] . In many cases, including oral tolerance, allergen exposure after sensitization results in an exacerbation of disease, indicating that similar tolerance induction mechanisms in allergy must occur prior to sensitization [5] . A better understanding of tolerance induction in models of allergic airway disease (AAD) should render valuable information and provide clues to possible therapeutic interventions.
Our laboratory and others have reported that mice sensitized to ovalbumin (OVA) develop AAD in response to short-term (3-10 days) aerosol exposure. The acute response is characterized by airway hyperresponsiveness, specific serum IgE antibody titers, peribronchial and perivascular lung inflammation, and elevated bronchoalveolar lavage (BAL) levels of T H 2 cytokines and inflammatory cells, predominantly lymphocytes and eosinophils [6] [7] [8] [9] [10] [11] . In contrast, OVA-sensitized mice that are chronically exposed to OVA-aerosol challenge for an extended period of time (42 days) exhibit resolution of airway inflammation, with a significant decrease in lung eosinophilia and a reversal of airway hyperresponsiveness [6, 7, 12, 13] . This resolution of AAD may be associated with the development of a form of immunologic tolerance that downregulates the proinflammatory CD4+ effector T cells (T eff ). The immune mechanism remains unclear, but it appears to be restricted to the local lung environment, since OVA-specific IgE and IgG 1 levels in serum remain elevated above levels seen in OVA-sensitized mice prior to aerosol challenge [7] . This reversal of AAD in response to long-term aerosol exposure has been termed local inhalational tolerance (LIT), due to the distinct differences in local versus systemic immune responses and the necessity of continuous OVA-aerosol exposure [7] .
In contrast to the reduction in eosinophils in the BAL at LIT, lymphocyte levels in the BAL remain elevated compared to naïve mice [6, 7] . We hypothesize that these lymphocytes play an integral role in the development of LIT, since their persistence in BAL correlates with the resolution of airway inflammation. Of particular interest are regulatory T cells (T reg ), since they have been shown to modulate airway inflammation in numerous animal models [14] [15] [16] [17] [18] , including AAD [14, 15, [18] [19] [20] [21] [22] . Specifically, T reg can suppress airway inflammation through the use of anti-inflammatory cytokines such as IL-10 [22] [23] [24] and TGF-␤ [25] [26] [27] [28] . These cells have also been shown to be increased in murine tolerance models involving aerosol challenge prior to sensitization with adjuvant [28] . The purpose of this study was to determine if shifts in lymphocyte populations occurred in various local and systemic tissues at AAD and LIT, including putative T reg populations, which would support their role in the development of LIT and resolution of inflammation.
Methods

Animals
Female C57BL/6 mice, 3-4 months of age and weighing 15-20 g, were purchased from the Jackson Laboratory (Bar Harbor, Maine, USA) and housed conventionally in plastic cages with corncob bedding. The animal room was maintained at 22-24 ° C with a daily light/dark cycle. Chow and water were supplied ad libitum. The protocols for animal use were approved by the Animal Care Committee at the University of Connecticut Health Center. [29] Mice were immunized with 3-weekly intraperitoneal injections of a suspension containing 25 g of OVA (grade V; Sigma, St. Louis, Mo., USA) and 2 mg of aluminum hydroxide (alum) in 0.5 ml of saline. One week after the last injection, the mice were exposed to 1% aerosolized OVA in physiologic saline for 1 h/day for either 7 (AAD) or 42 days (LIT). The aerosols were generated by a BANG nebulizer (CH Technologies, Westwood, N.J., USA) into a 7.6-liter nose-only inhalation exposure chamber to which individual restraint tubes were attached. Chamber airflow was 6 l/min, and aerosol particle size of OVA was monitored by gravimetric analysis with a Mercer cascade impactor (In-Tox Products, Moriarty, N. Mex., USA). The mass median aerodynamic diameter and geometric standard deviations were 1.4 and 1.6 m, respectively. The estimated daily inhaled OVA dose approximat-
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Int Arch Allergy Immunol 2008;145:231-243 233 ed 30-40 g/mouse. Twenty-four hours after the final aerosol exposure, the mice were killed by ketamine/xylazine overdose and subsequent exsanguination. Definitions of exposure designations are as follows: AAD = 7 days of OVA aerosol, and LIT = 42 days of OVA aerosol.
BAL/Tissue Analysis
At sacrifice, BAL fluid, lung tissue, local lung lymph nodes (hilar lymph node; HLN), systemic lymph nodes (inguinal lymph node; ILN) and spleens were harvested and processed for the isolation and enumeration of leukocytes. For collection of BAL, lungs were lavaged in situ with five 1-ml aliquots of physiologic saline. The BAL fluid was centrifuged, the cellular pellet washed, and total isolated leukocytes were saved for analysis. For analysis of lung tissue, mice were perfused with phosphate-buffered saline (PBS)/heparin prior to dissection. Lungs were removed, minced, and digested in collagenase (150 U/ml; Invitrogen, Carlsbad, Calif., USA), and the cellular suspension was separated on a Percoll (Sigma) density gradient for the isolation of lymphocytes. Lymph nodes and spleens were harvested and mechanically disrupted into a single-cell suspension. Hypotonic lysis was used to eliminate erythrocytes. For all tissue samples, total nucleated cell counts were obtained using a hemocytometer with nigrosin dye exclusion as a measure of viability.
Flow Cytometry and Immunofluorescence
Cells isolated from the BAL and other tissues were analyzed via flow cytometry using the following monoclonal antibodies: anti-CD8a-FITC (53-6.7), anti-CD25-PE (PC61), anti-CD4-PerCP (RM4-5), anti-CD4-PeCy7 (RM4-5), anti-CD3e-PerCPCy5.5 (145-2C11), anti-CD19-PE (1D3), and anti-CD19-PerCPCy5.5 (1D3). Samples were washed in PBS containing 0.2% bovine serum albumin and 0.1% NaN 3 . Aliquots containing 10 4 -10 6 cells were incubated with 100 l of appropriately diluted antibodies for 30 min at 4 ° C. After staining, the cells were washed with the above PBS solution, and relative fluorescence intensities were determined on a 4-decade log scale by flow-cytometric analysis using a FACSCalibur or LSR II (Becton-Dickinson, San Diego, Calif., USA). In separate experiments, for the identification of T reg , intracellular staining of Foxp3 protein was used. Briefly, cells stained with the antibodies mentioned previously (i.e. anti-CD3e, anti-CD4, and anti-CD25) were permeabilized using fixation/ permeabilization buffer following the manufacturer's protocol, and stained using either anti-Foxp3-FITC (FJK-16s) or antiFoxp3-APC (FJK-16s) with corresponding isotype controls, IgG2a-FITC or -APC (eBioscience, San Diego, Calif., USA).
Adoptive Transfer HLN cells isolated from AAD and LIT mice were pooled separately and processed into a single-cell suspension. Recipient RAG1-/-mice were given 2 ! 10 7 total lymphocytes in sterilized PBS via tail vein injections. Mice were allowed to rest for 4 days post-transfer prior to the start of aerosol challenge. When indicated, recipient mice received 7 days of OVA-aerosol challenge. Recipient mice were sacrificed 24 h after the final aerosol challenge, BAL fluid was collected and viable cells were counted as previously described. Cytospin preparations of BAL fluid were stained with May-Grünwald and Giemsa for differential cell analysis via light microscopy.
Histology
After sacrifice, unmanipulated (not subjected to BAL) and non-inflated lungs from separate animals were removed, fixed with 10% formalin, and processed in a standard manner. Tissue sections were stained with hematoxylin and eosin for standard evaluation.
T reg in vitro Functional Assay
A standard T reg functional assay with T eff , T reg and irradiated splenocytes as a source of APCs was used as previously described [30] . Purified populations of CD4+ CD25-(T eff ) and CD4+ CD25+ T cells (T reg ) from spleens and lymph nodes of mice were obtained using iron microbead-conjugated antibodies (Miltenyi Biotech, Auburn, Calif., USA) with subsequent magnetic separation on columns following the manufacturer's protocol. Purity of isolated cells was 6 90% for each separation (data not shown). T eff , T reg , and APCs (CD4+ T cell-depleted, 2,600-rad-irradiated splenocytes) were plated in round-bottom 96-well plates in RPMI 1640 (Sigma-Aldrich, St. Louis, Mo., USA) supplemented with 10% FCS, penicillin-streptomycin (Cellgro, Herndon, Va., USA), L -glutamine, HEPES, gentamicin (BioWhittaker, East Rutherford, N.J., USA), and 5 ! 10 -5 M 2-mercaptoethanol (Sigma). Each cell population was used in triplicate wells at 1 ! 10 5 cells/well. Cultures were stimulated with 0.65 g/ml soluble anti-CD3 antibody (BD Biosciences) for 48 h, and 0.2 Ci/well 3 [H]thymidine was added for the last 12 h. Cultures were harvested using a semiautomated cell harvester and assayed using a ␤ -scintillation counter.
PC61 Antibody Treatment
For in vivo depletion of CD25+ T cells, mice were given a single dose (0.5 mg) of PC61 antibody (rat anti-mouse IgG) in sterile PBS at the indicated time points via intraperitoneal injection. Control mice were given a single injection of control rat IgG antibody (Sigma). Flow-cytometric analysis of local and systemic tissues indicated that the depletion of CD25+ T cells in vivo was 6 98%, and the depletion was observable up to 21 days after injection (data not shown). Two PC61 treatment protocols were designed: (1) to determine if CD4+ CD25+ T-cell depletion could inhibit the development of LIT after AAD was established, PC61 was administered on day 21 of daily OVA-aerosol challenge, and (2) since PC61 can deplete both T reg and T eff cells, treatment was given prior to sensitization and aerosol challenge, in an attempt to deplete CD4+ CD25+ T cells prior to the development of CD25+ OVA-specific T eff . For analysis of PC61 treatment prior to sensitization, the following modifications were made to the sensitization and aerosol challenge protocol: total numbers of intraperitoneal OVA-alum injections were reduced from 3 to 2, and AAD mice were sacrificed after day 3 of continuous aerosol exposure instead of day 7. Previous studies indicate no effect of the reduced number of intraperitoneal injections on the severity of 3-or 7-day AAD lung inflammation in this model (data not shown).
Statistical Analysis
Analysis of variance (ANOVA) followed by post hoc twotailed Student's unpaired t tests was used for data analysis, with values of p ! 0.05 used as the significance threshold. All statistical analysis was performed using the JMP IN 5.1 statistical software package (SAS Institute, Cary, N.C., USA).
Results
T-and B-Cell Numbers Were Increased in the BAL at AAD and LIT
Previous reports have indicated that while BAL eosinophilia is greatly reduced in LIT mice, BAL lymphocytes remain elevated above naïve controls [7] . Analysis of BAL from sensitized mice showed no effect of intraperitoneal OVA-alum injections on the total numbers of CD4+, CD4+ CD25+, CD8+ T cells, or CD19+ B cells compared to naïve controls ( fig. 1 ). In sensitized and OVA-aerosolized mice at the AAD stage, total numbers of CD4+ T cells in BAL (1.60 ! 10 5 8 0.5) were significantly increased above the barely detectible levels seen in naïve and sensitized-only mice ( fig. 1 a) . Additional increases were observed in total numbers of CD4+ CD25+ T cells in BAL (4.63 ! 10 4 8 1.2) at AAD ( fig. 1 b) . The numbers of CD4+ and CD4+ CD25+ T cells in BAL decreased significantly at LIT compared to AAD ( fig. 1 a, b) . A similar significant increase was observed with CD8+ T cells, with a significant increase in BAL cells at AAD (7.0 ! 10 4 8 1.7) compared to naïve and sensitized-only controls; in addition, the CD8+ T cells remained significantly elevated (3.28 ! 10 4 8 1.0) above those of control mice at LIT ( fig. 1 c) . The number of B cells in BAL was also significantly elevated above naïve and sensitized levels at AAD (1.52 ! 10 5 8 0.7), and returned to within normal levels at LIT (0.02 ! 10 5 8 0.001, p ! 0.05; fig. 1 d) . Similar to the BAL, sensitization alone did not significantly alter the numbers of CD4+, CD4+ CD25+, CD8+, or CD19+ B cells in the lung tissue compared to naïve levels ( fig. 1 ) . In a similar fashion as BAL, total numbers of CD4+ CD25+ T cells were increased in the lung tissue at AAD (6.73 ! 10 4 8 1.7 for AAD vs. 1.34 ! 10 4 8 0.6 for naïve, p ! 0.05), with total cell numbers returning to naïve and sensitized levels at LIT ( fig. 1 b) . However, in contrast to BAL, total numbers of CD4+ ( fig. 1 a) , CD8+ T cells ( fig. 1 c) , and CD19+ B cells ( fig. 1 d) were not significantly increased over naïve or sensitized levels at AAD or LIT.
T-and B-Cell Numbers Were Increased in the HLN at AAD and LIT
Local lung (HLN) and systemic (ILN) lymph nodes from mice in each group were analyzed for the presence of T and B lymphocytes to determine if lymphocyte subpopulations differed at either the AAD or LIT stage. As with the BAL and lung tissue, total numbers of T and B cells in both the HLN and ILN were unaffected by the sensitization protocol alone; moreover, there were no statistical differences between HLN and ILN in the total numbers of each lymphocyte subset analyzed in naïve or sensitized groups ( fig. 2 ). In addition, no changes in Tand B-cell numbers were observed in the ILN in any group ( fig. 2 ). In the HLN, total numbers of CD4+ (13.87 ! 10 5 8 3.6) and CD4+ CD25+ (2.08 ! 10 5 8 0.6) T cells were increased at AAD, and these levels were maintained at LIT (12.92 ! 10 5 8 1.8 and 2.48 ! 10 5 8 0.4, respectively) compared to both naïve or sensitized levels in HLN, and to ILN from the each group ( fig. 2 a, b) . Interestingly, in contrast to observations in BAL and lung tissue, the total numbers of CD4+ and CD4+ CD25+ T cells remained significantly elevated at LIT in the HLN ( fig. 2 a, b) . In addition, levels of CD8+ T cells were only significantly increased in HLNs at LIT (12.52 ! fig. 2 d) .
Adoptive Transfer of HLN Lymphocytes from AAD but Not LIT Mice Induce Airway Inflammation in Lymphopenic Mice in Response to Aerosol Challenge
The persistence of T lymphocyte subsets in the HLN at LIT appeared in contrast to the resolution of inflammation, suggesting a functional difference between AAD and LIT lymphocytes. To investigate functional differences, HLN lymphocytes isolated from AAD and LIT mice were adoptively transferred into lymphopenic mice (RAG1-/-) to assess their ability to induce airway inflammation in recipient mice, assessed by BAL differential and lung pathology. Naïve RAG1-/-mice and RAG1-/-that received AAD HLN lymphocytes had no evidence of airway inflammation in the BAL in the absence of aerosol challenge ( fig. 3 ). RAG1-/-mice that received AAD HLN lymphocytes exhibited airway inflammation upon OVAaerosol challenge, with significant increases in both macrophages (7.5 ! 10 5 8 2.0) and eosinophils (7.0 ! 10 5 8 2.4) in the BAL compared to naïve RAG1-/-controls ( fig. 3 ). In contrast, transfer of equivalent numbers of LIT HLN lymphocytes did not result in airway inflammation in response to aerosol challenge, with levels of macrophages and eosinophils remaining similar to unchallenged RAG1-/-mice ( fig. 3 ). These findings were substantiated by evaluation of lung histology of animals from each group, confirming the appearance of peribronchial and perivascular inflammation with eosinophilia in recipient mice receiving AAD HLN lymphocytes, with no injury apparent in recipient mice receiving LIT HLN lymphocytes ( fig. 4 ) .
CD4+ CD25+ T Cells from the HLN Demonstrated in vitro Suppressive Activity
As LIT lymphocytes from the HLN were unable to mediate airway inflammation in response to aerosol challenge in recipient mice, we sought to determine if these HLN lymphocytes exhibited properties of T reg . To confirm the regulatory function of CD4+ CD25+ T cells in the HLN at AAD and LIT, we isolated these cells for use in an in vitro T reg functional assay using CD4+ CD25-T cells (T eff ) from the spleens of naïve mice as responder cells. For comparison of in vitro suppressive function, T reg from the spleens of naïve mice were used, as their suppressive activity in vitro has been well characterized [31] . Stimulation of naïve splenic T eff with ␣ -CD3 resulted in robust proliferation, which was suppressed by the addition of naïve splenic T reg (73.4% reduction in proliferation) in a standard manner ( fig. 5 ) . Analysis of T eff proliferation in the cocultures indicated that T reg from both AAD and LIT HLN had suppressive function in vitro when equivalent numbers of these cells were used (49.8 
Depletion of CD4+ CD25+ T Cells prior to OVA-Alum Sensitization Resulted in Increased BAL Eosinophilia at AAD and LIT
To determine if the CD4+ CD25+ T cells in this model also exhibited in vivo suppressive activity in either AAD or LIT, an in vivo CD25+ T cell-depleting antibody was utilized. To test the hypothesis that CD4+ CD25+ T cells are essential for the maintenance of LIT, mice were treated with PC61 antibody on day 21 of the OVA model. Differential analysis of the BAL at LIT indicated no significant difference in the total number of macrophages, neutrophils, lymphocytes or eosinophils in the BAL of PC61-treated mice as compared to wild-type or rat IgGtreated mice ( fig. 6 a) . In each case, eosinophils were largely absent in the airways, with no effect of PC61 treatment observed on total eosinophils ( fig. 6 a) .
PC61 antibody is capable of depleting not only T reg , but also other cells such as CD4+ and CD8+ T eff that upregulate CD25 upon activation; therefore, in another experiment, mice were treated with PC61 1 week prior to the start of OVA-alum sensitization to limit the effect of antibody treatment on T eff . PC61-treated mice exhibited a significant increase in eosinophils at AAD (25.81 ! 10 5 8 8.5) compared to wild-type (7.01 ! 10 5 8 1.1) and rat IgG-treated (2.82 ! 10 5 8 0.9) controls, with no significant differences observed in other cell types ( fig. 6 b) . Also, in this treatment protocol, PC61-treated mice showed a significant increase in eosinophils (1.60 ! 10 5 8 0.5) at LIT, along with a significant increase in lymphocytes (1.60 ! 10 5 8 0.2; fig. 6 c) . No effect on macrophages or neutrophils was observed in LIT mice treated with PC61 prior to sensitization ( fig. 6 c) . 
Foxp3+ T Cells Were Increased in BAL and HLN at LIT
As shown previously, CD4+ CD25+ T cells were increased in the BAL, HLN and lung tissue at AAD, and these numbers were maintained in the HLN at LIT ( fig. 1 b, 2 b) . To further characterize the CD4+ CD25+ T cells as either T reg or T eff , intracellular staining for Foxp3 protein was utilized. Flow-cytometric analysis of T cells showed a significant increase in total numbers of CD4+ CD25+ Foxp3+ T cells in the BAL at AAD (2.40 ! 10 3 8 0.5) compared to naïve (0.04 ! 10 2 8 0.01) and sensitized (0.17 ! 10 2 8 0.1) levels ( fig. 7 a) . Additionally, the BAL showed a significant increase in total numbers of CD4+ CD25+ Foxp3+ T cells at LIT (6.40 ! 10 3 8 2.6), in contrast to previous analysis ( fig. 7 a) . However, in a similar fashion as CD4+ CD25+ T cells, the peak of CD4+ CD25+ Foxp3+ T cells in the lung tissue was at AAD (7.4 ! 10 4 8 1.9; fig. 7 a) . In HLN, total numbers of CD4+ CD25+ Foxp3+ T cells increased at AAD (11. fig. 7 b) . As observed in BAL, CD4+ CD25+ Foxp3+ T cells in the HLN were significantly increased at LIT compared with AAD. A slight increase in CD4+ CD25+ Foxp3+ T cells was detected in ILN after sensitization (3.6 ! 10 4 8 1.3); however, this increase was not found to be statistically significant from naïve levels (0.50 ! 10 3 8 0.2).
Ratio of Total CD4+ CD25+ Foxp3+ T Cells Increased in Local Lung Compartments from AAD to LIT
Previous studies have indicated that the progression from AAD to LIT in this model correlates with a shift in the CD4:CD8 T-cell ratio in the BAL, with a skewing towards CD4+ T cells during AAD and an equilibrium of T-cell subtypes during LIT [6] . To determine if similar shifts occurred with putative T reg , ratios of total numbers of CD8+ and CD4+ CD25+ Foxp3+ T cells to total CD4+ T cells were calculated and compared between local lung compartments during AAD and LIT.
As reported previously, the progression from AAD to LIT resulted in equilibrium of CD4+ and CD8+ T cells in BAL (approximately 2: 1 at AAD and 1: 1 at LIT); a similar pattern was observed for the HLN and lung tissue, with the largest increase in CD8+ T cells observed in the HLN (3.1-fold increase; table 1 ). As with CD8+ T cells, the ratio of CD4+ CD25+ Foxp3+ T cells also increased from AAD to LIT in all lung compartments, with a striking 10-fold increase in the BAL ( table 1 ) . Interestingly, the lung tissue showed a 2-fold increase in the ratio of putative T reg from AAD to LIT, whereas the total number of these cells decreased from AAD to LIT, indicating that T reg were a prominent proportion of the lung tissue CD4+ T cells at LIT.
Discussion
Long-term aerosol challenge in this OVA-induced model of AAD results in resolution of airway inflammation, reversal of airway hyperresponsiveness and a decrease in T H 2 cytokines in the BAL [6, 7] . Analyses of lymphocytes recovered from lung compartments (BAL and lung tissue) indicate that induction and resolution of inflammation correlates with distinct shifts in lymphocyte populations. Local increases in T and B cells occurred at AAD primarily in the BAL, with increases in CD4+ CD25+ T cells in both BAL and lung tissue. At LIT, total numbers of lymphocytes were significantly decreased compared with AAD but still elevated over naïve levels in the BAL. These findings indicate that local increases in lymphocytes correlate with tissue inflammation. Conversely, total numbers of T lymphocytes remain elevated in the HLN at LIT, compared with both naïve/ sensitized levels and the ILN. These results indicate that T-cell subsets were selectively increased in the HLN during LIT, independent of lymphocyte populations in systemic lymph nodes.
The observed retention of T lymphocytes in the HLN during LIT appeared in contrast to the resolution of lung inflammation. Adoptive transfer of HLN lymphocytes from AAD and LIT donor mice into RAG1-/-mice was used to assess the functional ability of these lymphocytes to mediate airway inflammation in response to aerosol challenge. Lymphocytes from AAD and LIT HLNs were shown to have disparate pro-inflammatory capabilities, Numbers represent the ratio of cells indicated per 100 CD4+ T cells, calculated by dividing the total number of each cell indicated by the total number of CD4+ T cells. Total numbers were obtained from Foxp3 analysis experiments indicated in Materials and Methods. 'Fold change' represents the increase in cell ratio from AAD to LIT. in that transfer of AAD HLN lymphocytes resulted in airway inflammation in recipient mice, whereas transfer of LIT HLN lymphocytes did not. These results indicate that a qualitative difference exists in the lymphocyte pool of AAD and LIT HLNs, suggesting that in this model resolution of airway inflammation is not due to mechanisms resulting in a loss of lymphocytes (such as apoptosis of effector T cells).
The maintenance of CD4+ CD25+ T cells in the HLN at LIT suggested the presence of regulatory T cells, as subsets of these cells are known to constitutively express CD25 [32] . We therefore hypothesized that deletion of these cells in vivo would result in the reestablishment of airway eosinophilia. To test this hypothesis, mice were treated with the anti-CD25 antibody PC61 on day 21 of aerosol exposure in an attempt to affect airway eosinophilia at LIT. While PC61 treatment resulted in the in vivo deletion of CD4+ CD25+ T cells at LIT (data not shown), it did not result in the reestablishment of airway eosinophilia. As CD25 is expressed on both T reg and activated T eff , it was possible that the PC61 treatment was having a negative effect on T eff activation in this experiment. To address this, mice were treated with PC61 prior to sensitization in an attempt to selectively delete T reg without affecting the T eff -cell pool. PC61 treatment of mice prior to sensitization resulted in an exacerbation of inflammation at both AAD and LIT, as evidenced by increased BAL eosinophilia. These results indicate that CD4+ CD25+ T reg present prior to sensitization influence the severity of airway inflammation in this model. Interestingly, CD4+ CD25+ T cells were observed in local and systemic tissues in mice treated with PC61 prior to sensitization at the time of sacrifice (data not shown), suggesting that upregulation of CD25 on T eff in this model correlates with airway inflammation.
At AAD, Foxp3+ T cells increased in the BAL and HLN compared to levels observed in naïve or sensitizedonly mice. These cells increased further during LIT, indicating an increase in T reg in response to chronic aerosol exposure and subsequent resolution of inflammation. While sensitization resulted in a detectable population of T reg in the ILN, the total numbers of these cells did not increase during either AAD or LIT. Thus, the expansion of T reg during AAD and LIT was restricted to the local lung environment and HLN. The increase in T reg from AAD to LIT suggests that these cells may play a role in either the development or maintenance of LIT.
Our previous studies indicate that LIT was not due to clonal deletion or anergy, since discontinuation of antigen exposure and subsequent rechallenge with aerosolized antigen resulted in the recurrence of airway inflammation [7] . This renewed inflammation did not require resensitization with OVA-alum, suggesting that primed OVA-specific T eff were maintained in the mice throughout the development of LIT. An alternative mechanism is that active suppression mediated by T reg may be responsible for the resolution of airway inflammation and the development of LIT. T reg have been shown to suppress airway responses to inhaled antigens in numerous adoptive transfer models [14, 18, 22] , and depletion of T reg populations exacerbates airway inflammation in mice [17] . In the present study, T reg (CD4+ CD25+ Foxp3+ T cells) were found to be elevated in the BAL and HLN at AAD and LIT, and were also increased as a percentage of the total CD4+ T-cell population.
Our model of LIT is unique since tolerance develops subsequent to a T H 2 inflammatory response in the lung. Oral tolerance mechanisms have been shown to block the development of AAD, as long as oral antigen is given prior to the development of inflammation [33] [34] [35] [36] . However, in contrast to our model, oral administration of antigen after the disease process has begun results in an exacerbation of inflammation [5] . Oral tolerance studies identified a population of T reg that were induced by standard immunization of antigen with adjuvant [25] ; these findings are consistent with our results in the ILN concerning the expansion of Foxp3+ T cells in response to sensitization. Also, aerosol challenge with certain model antigens (such as OVA) prior to sensitization induces CD4+ T cellmediated tolerance to subsequent challenges [37, 38] . In these studies, the local draining lymph nodes of the lung are essential to the development of inhalational tolerance, as removal of these nodes results in a block of tolerance induction [39, 40] . These findings correlate with our data concerning Foxp3+ T-cell expansion in the HLN at LIT, further reinforcing the importance of the lymph node as either the site of proliferation for T reg , or as an important site of regulatory function in vivo.
While CD4+ CD25+ Foxp3+ T reg were increased in BAL and HLN during LIT, an opposite pattern was observed for the lung tissue, where the peak increase of total numbers of T reg subsets was at AAD. This finding appears to counter the role of T reg in the resolution of airway inflammation; however, it may in fact be indicative of the trafficking patterns of T reg during LIT. Total numbers of both CD4+ CD25+ T cells and CD4+ CD25+ Foxp3+ T cells are statistically equivalent in the lung tissue and BAL during LIT, suggesting that these T reg are being selectively retained in the BAL during LIT. Additionally, Foxp3+ cells in the CD4+ CD25+ T-cell subset were increased as a percentage of the population in both the BAL and lung tissue at AAD and LIT. Recent studies of CD8+ T-cell responses to viral infection indicate that protective immunity is maintained in the presence of long-term antigen presentation by cell trafficking predominantly to the BAL and HLN [41] . Increases in T reg in the BAL and HLN during LIT in this model may be indicative of a similar pattern for T reg , in that their presence in the airways and draining lymph nodes provide surveillance to inhaled substances and thereby mediate either a first line of defense (T eff ) or of immune suppression (T reg ). Also, the decrease in CD4+ T cells in the BAL at LIT concomitant with an increase in Foxp3+ T cells may indicate that apoptosis of T eff in the lung may play an important role in the resolution of inflammation. However, the maintenance of CD4+ T cells in the HLN at LIT suggests that a similar phenomenon in the lymph nodes may not be occurring.
To assess the functionality of putative T reg subsets during AAD and LIT, CD4+ CD25+ T cells from the HLN of AAD and LIT mice were assessed in an in vitro T reg functional assay. CD4+ CD25+ T cells from both AAD and LIT HLN exhibited suppressive activity in vitro, and this ability was comparable to splenic CD4+ CD25+ T cells from naïve mice when used in similar cell numbers. CD4+ CD25+ T cells may represent a mix of T eff and T reg cells, as CD25 is the ␣ subunit of the IL-2 receptor and is upregulated on activated T cells after TCR stimulation [42] . We have shown that AAD HLN contained a population of Foxp3+ T reg ; however, these cells were unable to suppress inflammation in vivo. LIT was associated with an expansion of T reg cells, along with resolution of airway inflammation in vivo. The increase in the ratio of T reg to CD4+ T cells in the lung compartments from AAD to LIT is intriguing, especially the 10-fold increase in the BAL, and may provide some insights regarding the mechanism of regulation or its dependence upon in vivo cellular proportions. These observations were consistent with seminal work by Thornton and Shevach [31] showing that T reg suppress in a dose-dependent manner in vitro. These findings suggest that local increases in functional T reg are required for the resolution of airway inflammation and the development of LIT.
While our results suggested an important role for CD4+ T reg , other suppressive lymphocytes may have contributed to the development of LIT. Increased numbers of CD8+ T cells in the BAL and HLN at LIT also correlated with the resolution of airway inflammation. Suppressor CD8+ T cells have been shown to be important in the regulation of many immune responses, including airway inflammation [43] [44] [45] . Additionally, B cells have suppressive activity in numerous mouse models [46] , including allergic airway inflammation [47, 48] . Regulatory B cells have been shown to control T-cell responses both through Fas ligand expression [49] and through secretion of immunosuppressive cytokines such as IL-10 [50] [51] [52] [53] . An important caveat for B cells in mouse models is the finding by Hamelmann et al. [54] that eosinophilic lung inflammation in response to OVA does not require B cells. Although LIT has been shown to develop in IL-10 knockout mice [29] , this does not rule out a possible role of B cells as immunosuppressive APCs in this model. Our results indicated that a population of B cells remained elevated in the BAL at LIT, suggesting that these B cells could play a role in the development of LIT either directly or by acting as APCs for T reg . Further studies aimed at assessing the role of CD8+ T cells and B cells in the resolution of airway inflammation are needed to address this question.
In summary, our findings indicate that at the LIT stage, elevated levels of T and B lymphocytes were maintained in the HLN above naïve levels, demonstrating a local retention of lymphocytes during resolution of airway inflammation. Systemic lymph nodes were unchanged during LIT, indicating that this retention of lymphocytes was a local phenomenon. Finally, T reg were shown to be increased and retained in the BAL and HLN during LIT, suggesting either local expansion or recruitment to the lung, where they may play a role in the resolution of airway inflammation. These results suggest that the resolution of airway inflammation requires the local accumulation of lymphocytes with suppressor function in this model.
